



Hydrodynamic performance of a Comb-Type Breakwater-WEC 1 
system: an analytical study 2 
Abstract: A breakwater-WEC system combining heaving body Wave Energy Converters (WEC) 3 
and Comb-Type Breakwater (CTB) was investigated. The traditional CTB consists of a 4 
distributed array of separated bottom-mounted caissons and wave chambers are located 5 
between two caissons. Heaving bodies provide the power take off (PTO) principles that are 6 
located at the wave chamber of the CTB. The interaction of the CTB and WEC was investigated 7 
based on the linear potential flow theory. An analytical model has been developed to examine 8 
the hydrodynamic performance of CTB-WEC system. The analytical model is validated with 9 
results from an experimental study. Results show that an increase in conversion efficiency is 10 
observed when the device is located in the aft end of the wave chamber. A high efficiency (i.e., 11 
77.4%) and qualified wave attenuation performance of the integrated system are achieved for 12 
the proposed CTB-WEC system. The wave resonance along the incident wave direction in the 13 
wave chamber is beneficial for wave energy capturing. Furthermore, it was found that the 14 
critical value kc corresponds to the wave resonance, perpendicular to the incident wave direction, 15 
out of the wave chamber. The property of efficiency mitigation at regions of k>kc should be 16 
avoided while designing such a system. 17 
Keywords: Comb-Type Breakwater; Wave Energy Converter, energy conversion efficiency, 18 
transmission coefficient; wave resonance; analytical investigation. 19 
1 Introduction 20 
The need for energy is growing rapidly. Many researchers and engineers pay attention to 21 
renewable energy resources. Wave power is a promising alternative to generate electricity with 22 
a low carbon impact. According to the energy conversion principles, categories of wave energy 23 
conversion system consist of attenuator, oscillating water column (OWC), overtopping system 24 
and point absorber (Wilberforce et al., 2019). Most of the devices are in the stage of laboratory 25 
tests and pre-commercial demonstration trails (Zhao and Ning, 2018; Brito-Melo et al., 2007). 26 




challenges, economic, social and environmental concerns (Mustapa et al., 2017; Melikoglu, 1 
2018; Cascajo et al., 2019).  2 
Integrating WECs with marine structures potentially enhances economic viability through 3 
dual-functionality (Ji and Yuan, 2015; Zhao et al., 2019; Reabroy et al., 2019), including 4 
breakwater-WEC integrations (He et al., 2019; Zheng et al., 2019; Zhao et al., 2019), floating 5 
wind turbine-WEC integration (Pérez-Collazo et al., 2015), Eco Wave System (Tul Huda 6 
Ahmad et al., 2019), et al. The approach of combing WECs and breakwater provides a method 7 
to tackle the economic issues of WECs (Mustapa et al., 2017). The breakwater is frequently 8 
exposed to ocean waves, which provides a natural opportunity for wave energy utilization (Liu 9 
et al., 2012; Liu and Lin, 2013; Liu and Faraci, 2014). The integration systems composed of 10 
breakwater and WECs had been widely investigated (Ning et al., 2016; Kuo et al., 2017; Moretti 11 
et al., 2020; Chen et al., 2020; Zhang et al., 2020a and 2020b). Some concepts had been put 12 
into engineering, including sea-wave slot-cone generator (Margheritini et al., 2009), 13 
overtopping breakwater for wave energy conversion (Vicinanza et al., 2014) and breakwater-14 
OWC in Mutriku (Henriques et al., 2017). Some novel concepts were also investigated 15 
numerically and experimentally, such as the pile-restrained floating breakwaters (Zhao and 16 
Ning, 2018), the Berkeley Wedge (Madhi and Yeung, 2018) and the ShoWED (Martinelli et 17 
al., 2016). Functions of the wave attenuation and energy utilization can be realized 18 
simultaneously for a hybrid breakwater-WEC system. 19 
The Comb-Type Breakwater (CTB) is a new concept of the vertical breakwater, consisting 20 
of rectangular caissons and vertical side plates. The CTB dissipates the incident wave energy 21 
and reduces the total wave force compared with the conventional caisson breakwaters, which 22 
enhances the economic viability (Niu et al., 2003; Zhang et al., 2005). Fernyhough and Evans 23 
(1995) carried out multi-modal scattering properties of a periodic array of identical rectangular 24 
barriers separated by gaps, which is like the CTB. Hydrodynamic characteristics of the CTB 25 
was investigated experimentally (Li et al., 2002; Dong et al., 2003; Niu et al., 2018; Chen et al., 26 
2019), numerically (Fang et al., 2010 and 2012; Zang et al., 2018) and analytically (Wang et 27 




some extent. The wave chamber could be considered as the wave energy gathering chamber, 1 
which enhances wave energy density.  2 
Approaches that achieving wave amplification in the field of wave energy utilization 3 
include i) wave reflection wall (Sarkar et al., 2015; Michele et al., 2016; Howe and Nader, 4 
2017), ii) wave contraction wall (Miao et al., 2005; Lovas et al., 2010; Parmeggiani et al., 2013; 5 
Saadat et al., 2013 and 2016; Deng et al., 2014; Ram et al., 2016; Zhang and Ning, 2019), iii) 6 
projecting wall with wave resonance (Count, 1984; Ikoma et al., 2016; Daniel Raj et al., 2019) 7 
and iv) wave amplification bottom topography (Rezanejad et al., 2013; Rezanejad et al., 2019). 8 
Saadat et al. (2016) proposed a novel Helmholtz Wave Energy Converter (HWEC), which 9 
amplifies the wave amplitude of a basin. The HWEC is designed to capture an augmented 10 
quantity of the wave power by using WECs. In summary, the integration of the CTB and WECs 11 
similar to HWEC may utilize the wave power in the wave chamber, which could improve the 12 
energy conversion efficiency of the WEC. 13 
In this study, we proposed a novel integrated system consisting of an oscillating heaving 14 
WEC and a CTB, where the CTB is the base structure. An oscillating heaving PTO system is 15 
integrated between the adjacent caissons without modifying the geometry of the CTB base 16 
structure. The heaving PTO system is connected to a mechanical transmission system, which is 17 
similar to that described in Ning et al. (2016). The PTO system allows to capture the kinetic 18 
energy from the incident wave applying a heaving buoy. Due to the dual effect of wave energy 19 
absorbing of the WEC and the wave reflection of the CTB, the integrated system is anticipated 20 
to work effectively as a breakwater. Therefore, the wave energy gathering performance of the 21 
CTB and the magnitude of the PTO damping will be the key factors that affect the motion of 22 
WEC and transmission coefficient of the integrated system. 23 
The paper aims to investigate numerically the hydrodynamic performance of a hybrid CTB, 24 
integrating a heaving WEC. The matching eigenfunction expansion method is used to solve the 25 
diffraction and radiation problems. The analytical model is validated for the energy conversion 26 
principle and with an experimental study.  27 




presents the validations of the analytical model. Section 4 presents the results and discussions. 1 
Lastly, the conclusions are given in Section 5. 2 
2 Mathematical model  3 
2.1 Problem description 4 
The geometry of heaving bodies integrated into the CTB, as well as the arrangement of 5 
the cartesian coordinate system, are shown in Fig. 1. Noticeably, the flange of the CTB is not 6 
considered in the present study. Heaving bodies are arranged in wave chambers composed of 7 
adjacent caissons. Due to the periodicity of the integrated system, the problem can be reduced 8 
to an analogous channel problem with impermeable sidewalls. An array of the caisson-type 9 
breakwater with oscillating bodies is simplified as an integrated system unit, consisting of two 10 
caissons and a heaving body. All dimensions are presented as dimensionless units without loss 11 
of generality. A 3D cartesian coordinate system (o-xyz) is employed. The center of the origin is 12 
located at the cross-point of the still water surface and the medial axis of the breakwater and a 13 
heaving body. The z-axis is positive in the vertically upward direction. In order to capture wave 14 
power energy efficiently, it is assumed that a heaving body of width 2w2 is identical to the 15 
breadth of the wave chamber. A heaving body of length 2b2 is placed at a distance 2b1 and 2b3 16 
from the back and the front wall of the caisson, respectively. A draft d1 is assumed at the finite 17 
depth h. The caisson length along and perpendicular to the incident wave direction are 2B and 18 
2w1. In the following text, symbols are expressed as l=w1+w2, r1=b1+b2, r2=2b1+b2, r3=b2+b3 19 
and r4=b2+2b3. The mass M and stiffness K term are expressed as 20 
 M=4w2b2ρd1, (1) 21 
 K=4w2b2ρg, (2) 22 
where ρ and g represent the density of water and the acceleration due to gravity. The incident 23 



































Fig. 1. (a) the layout of integrated system array, (b) the top view of the integrated system unit 2 
and (c) the vertical section of a heaving body-WEC. 3 
2.2 Governing equation and boundary conditions 4 
The fluid domain is divided into five subdomains (Fig. 1(b) and (c)), which are defined by 5 
Ωi ( i=1, 2, 3, 4 and 5) and given by Ω1: l≤y≤l, r4≤x≤+∞ and h≤z≤0; Ω2: w2≤y≤w2, b2≤x≤r4 6 
and h≤z≤0; Ω3: w2≤y≤w2, b2≤x≤b2 and h≤z≤d1; Ω4: w2≤y≤w2, r2≤x≤b2 and h≤z≤0; 7 
Ω5: l≤y≤l, ∞≤x≤r2 and h≤z≤0. The fluid is assumed as inviscid and incompressible. The 8 
motion is irrotational and simple harmonic in time angular frequency ω. The fluid motion in 9 
the whole domain is depicted by the spatial velocity potential: 10 
 ( , , , ) Re[ ( , , )exp( i )],x y z t x y z t     (3) 11 
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Based on the consideration of the heave motion, i is decomposed as 1 
 I D R ,
i i
i       (5) 2 
where iD and iR are the diffraction and radiation potential of fluid domain Ωi. I, the incident 3 
potential, is defined as 4 
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    (6) 5 
where κ1 is the wavenumber, determined by the dispersion relation ω2=gκ1tanh(κ1h). 
6 
For the radiation problems, the radiation potential iR is expressed as 7 
 R Ri ( , , ),
i i x y z   (7) 8 
where  is the amplitude of heave motion and iR is the complex spatial velocity potential.  9 
The governing equation and boundary conditions for the diffracted and radiated potentials 10 
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where r=(x2+y2)1/2. 18 
2.3 Solutions for wave diffraction and radiation problem 19 
The velocity potentials for different regions can be derived based on the above-described 20 
boundary problems using the matching eigenfunction expansion method. Solving the governing 21 
equation along with boundary conditions described, spatial velocity potentials for each region 22 
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The unknown coefficients Xmn and X´mn, for m and n=1, 2ꞏꞏꞏ, with X≡{A, B,ꞏꞏꞏ, H} and 12 
X´≡{A´, B´,ꞏꞏꞏ, H´}. Zn(z) and φn(z) are eigenfunctions in the z-direction and given by the 13 
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The kn are the roots of dispersion relation in k as given by ω2=gktan(kh), where the 3 
dispersion relation has one imaginary root k1 and the infinite number of positive real roots kn, 4 
n=2, 3ꞏꞏꞏ, with μn=(n1)π/(hd1), n=1, 2ꞏꞏꞏ. Cm(y) and ( )mC y  are eigenfunctions in the y-5 
direction and given by the following equation 6 
 ( ) cos ( ),m mC y l y   (26) 7 
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where δ1=2 and δm=1 for m=2, 3ꞏꞏꞏ, 17 




where τ1=1 and τn=1/2 for n=2, 3ꞏꞏꞏ. 1 
The diffracted and radiated potentials satisfy the continuity conditions for both the normal 2 
velocity and pressure at the interfaces between adjacent subdomains: 3 
A) On the interface between region Ω1 and Ω2 (x=r4) through; 4 
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B) On the interface between region Ω2 and Ω3 (x=b2) through; 7 
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C) On the interface between region Ω3 and Ω4 (x=b2) through; 10 
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D) On the interface between region Ω4 and Ω5 (x=r2) through. 13 
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Integrate velocity potentials in Eqs. (14~23) into both the velocity and pressure continuity 16 




both sides of Eqs. (36) and (42) by Cv(y) and Zu(z), and both sides of Eqs. (37) and (39) by 1 
( )vC y  and φu(z). The matching eigenfunction expansion method and the orthogonal relations 2 
of the y-direction and z-direction eigenfunctions are applied to solve both i) the wave diffraction 3 
and ii) radiation problems. The Eqs. (35~42) represent a system of algebraic equations of 4 
unknowns Xmn and X´mn. For the infinite series sums of m, v, n and u are truncated for the finite 5 
number m, v=Mj, and n, u=Nj, where j=1, 2ꞏꞏꞏ, 8. Thus, we have obtained 8MjNj, where the 6 
algebraic equations are the same number of unknowns. The solution of the integrated system 7 
of equations determines the full solution of velocity potential, and all hydrodynamic quantities 8 
can be estimated. 9 
2.4 Hydrodynamic quantities 10 
The vertical exciting force Fz on a heaving body can be calculated by 11 
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where Sb is the bottom surface of a heaving body and nz is the unit normal vector in the positive 13 
z-direction. The added mass μ and radiation damping λ in the heave motion subjected to a unit 14 
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where Re[ ] and Im[ ] denote the real and imaginary part of a complex. 18 
According to the motion equation in the frequency domain, the heave response amplitude 19 
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where λPTO is the Power Take-Off (PTO) damping. The heave RAO is defined as /A. The 22 
optimal PTO damping of an isolated WEC can be expressed as 23 
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The Capture Width Ratio (CWR) η can be expressed as η=Pcapture/Pincident, where Pcapture 25 




wave power with the incident wave width 2l, corresponding to that of the integrated system. 1 
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The hydrodynamic performance of an integrated system can be evaluated by reflection 4 
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where p represents the orders of wavenumber which rounds down the [κ1l/π+1]. 8 
3 Validations 9 
3.1 Validations using the law of energy conservation 10 
Since the law of energy conservation is satisfied within the frame of the linear potential 11 
flow theory, the relation of Kr2+Kt2+=1 is used to validate the present analytical model. Fig. 2 12 
showed the variations of the Kr, Kt, η and Kr2+Kt2+ with the dimensionless wavenumber for 13 
geometrical parameters of B/h=1/2, d1/h=1/3, b2/h=1/3, b1/b2=1/4, w1/h=1/3 and l/h=2/3. The 14 
PTO damping is chosen as λoptimal. Based on the numerical convergence analysis, the terms of 15 
the z- and y-direction eigenfunctions are truncated at N=5 and M=15, respectively. As indicated 16 
in Table 1 and Fig. 2, the relation of energy conservation is satisfied, which verifies the accuracy 17 
of the present analytical model. 18 
Table 1. Results of the Kr, Kt, η and Kr2+Kt2+ 19 
kh 0.360 1.078 1.440 2.160 2.520 2.878 3.600 
 0.058326 0.206348 0.366226 0.243976 0.150712 0.104499 0.065484
Kr 0.467854 0.741117 0.635855 0.857654 0.917791 0.944509 0.965978
Kt 0.850168 0.494366 0.479022 0.143016 0.083354 0.058337 0.037451






Fig. 2. Variations of reflection coefficient (Kr), transmission coefficient (Kt), capture width 2 
ratio (η) and Kr2+Kt2+ versus dimensionless wavenumber. 3 
3.2 Comparison between theoretical calculations and experimental data 4 
In order to validate the analytical model, an experimental investigation was conducted in 5 
a wave flume at Harbin Engineering University. The experimental investigation focused on the 6 
heave response characteristics of the buoy and the transmission coefficient of the system. The 7 
dimensions of the flume were 33m in length, 0.8m in width and 1.0m in depth. Froude scaling 8 
a 1:20 model was applied for the experimental model. The length of a heaving body along and 9 
perpendicular to the incident wave was 0.39m and 0.36m (i.e., b2=0.195m and w2=0.18m), 10 
respectively. The height of the heaving buoy was 0.4m. The parameters of caissons were width 11 
B=0.3m, depth w1=0.2m and height was 0.95m. The heaving body was arranged in the center 12 
of the wave chamber (i.e., b1=b3=0.0525m). In order to avoid unnecessary friction and possible 13 
collisions, a 1cm gap was set between each side of the caissons to the wave flume wall and a 14 
heaving body. The heaving body was constraint by two vertical guides (slide rails) located at 15 
the up- and down-wave side, restricting the oscillating body to move only in the heave direction 16 
by two pulleys. The dynamic signal test system with a draw-wire displacement sensor was used 17 
to monitor the heave motion. The friction coefficient between the pulley and slide rail is 0.078 18 
(determined by a fiction coefficient measurement test). During the verification test, the still 19 
water depth h is fixed at 0.6m, the draft of the heaving body d1=0.195m, the targeted incident 20 
wave height H0=0.05m and the tested wave period vary from 1.1s to 1.6s (i.e., 1.1s, 1.2s, 1.3s, 21 
1.4s and 1.6s). Fig. 3 shows the arrangement of the caissons and a heaving body. 22 


















Fig.3. The arrangement of the caissons and a heaving body. 2 
Considering the external damping bext (include the damping caused by fluid viscous effect 3 
and friction loss) obtained by free decay tests, the motion equation of a heaving body can be 4 
written as (-2(M+)-i(+bext)+K)=Fz. For the present investigation, the external damping 5 
is determined as 32.572kg/s. The hydrodynamic coefficients of the equation (,  and Fz) can 6 
be derived from the present analytical model. Fig. 4 shows the comparison of the present 7 
analytical and experimental results. The RAO and transmission coefficient obtained by the 8 
analytical model agrees with the experimental data very well. The overall agreement verifies 9 
the present analytical model.  10 
11 
Fig. 4. The comparison of heave RAO and transmission coefficient Kt between the results of 12 
the analytical model and experimental data. 13 
4 Results and discussions 14 
The hydrodynamic performance of the system relies on several parameters including the 15 




























locations, size of a heaving body and the caisson. 1 
4.1 Parametric study of the location and the size of a heaving body 2 
4.1.1 Effect of the location of the device 3 
As the wave absorption of a heaving body is affected by its locations in the wave chamber 4 
of a CTB, the power capture efficiency is affected, too. Fig. 5 shows the variations of the , Kr 5 
and Kt against the dimensionless wavenumber (kh). Cases of b1/b3=10-4, 1/5, 1/2, 1, 2 and 5 6 
between the distance from a heaving body to the back and the front wall of the caisson are 7 
considered. The other parameters are kept constant as b2/h=1/3, w1/h=1/4, l/h=1/2, d1/h=1/3 and 8 
B/h=5/6. The PTO damping of the device is selected as the optimal damping in Section 4. From 9 
Fig. 5(a), the CWR shows the parabola changes. Interestingly, as b1/b3 increases (i.e., the body 10 
is closer to the aft end of the wave chamber), the maximum of CWR decreases and frequencies 11 
corresponding to the peak of CWR shifts to the low-frequency region. The reflection coefficient 12 
experiences a dip at 1.5<kh<2.0, accompanying the peak of the CWR. The opposite trend is 13 
found for that of the transmission coefficient. As is shown in Fig. 5(c), the location changes of 14 
a heaving body have little influence on the transmission coefficient. Comparatively, location 15 
changes of a heaving body obviously modify the reflection coefficient at 1.3<kh<2.8, which 16 
reflects that the reflection coefficient increases with the increasing b1/b3. 17 
 18 
(a)                                    (b) 19 
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(c) 2 
Fig. 5. Variations of (a) η, (b) Kr and (c) Kt versus kh for different cases (b1/b3=10-4, 1/5, 1/2, 3 
1, 2 and 5). 4 
To further illustrate the effect of the locations of the device on the CWR of the system, the 5 
wave exciting force acting on the bottom of the device (Fz) and the relative wave amplitude in 6 
the wave chamber without a heaving body (/A) are presented in Fig. 6. In the middle-frequency 7 
region (1.2<kh<2.8), the CWR approaches the peak value successively. The trend of the CWR 8 
vs kh is in accord with that of the Fz. Strong wave augmentation behavior in the wave chamber 9 
for different frequencies (kh=1.32, 1.45, 1.58, 1.76 and 1.90 which corresponds to the peak 10 
value of the CWR for the cases of b1/b3=5, 2, 1, 1/2 and 1/5, respectively) is found from Fig. 11 
6(b). The cancellation of the device can be realized by setting the size of the device as a very 12 
small value (i.e., d1/h= b2/h =10-5). The location of the relative wave amplitude peak in the wave 13 
chamber approaches to the aft end of the wave chamber as the dimensionless wavenumber 14 
increases. Note that the relative wave amplitude approaches maximum value at half breadth of 15 
wave chamber for only one case (as is shown in Fig. 10). Hence, the optimal location of the 16 
buoy (corresponding to the maximum efficiency) may be not the middle section. Besides, the 17 
changes of the location of the buoy also lead to the modification of the natural frequency of the 18 
buoy. Detailly, from Fig. 5(a) we can draw that the natural frequency generally decreases with 19 
the increasing of b1/b3. As is shown in Fig. 6(a), the smaller b1/b3, the greater the wave exciting 20 
force at natural frequency can be found. Wave exciting force plays an important role while 21 
estimating the efficiency of a heaving buoy. This may result in that the optimal location 22 




















corresponding to the maximal peak efficiency is the aft end.  1 
  2 
(a)                                 (b) 3 
Fig. 6. Variations of (a) dimensionless wave exciting force (Fz/4gAb2w2) versus kh for 4 
different locations of the device (b1/b3=10-4, 1/5, 1/2, 1, 2 and 5) and (b) relative wave 5 
amplitude (/A) in the wave chamber without a heaving body for different wavenumbers. 6 
By comparing with the maximum efficiency max in cases of different b1/b3 (as shown in 7 
Fig. 5(a)), we found that max increases with the decreasing of the b1/b3. Specifically, compared 8 
with the cases at the bow end, the max becomes doubled approximately when the buoy is 9 
located at the aft end. A high efficiency of 77.4% can be achieved when the device is located at 10 
the aft end. This is obviously greater than that without the caissons, which corresponds to the 11 
2D condition. The CWR maximum of a 2D symmetrical heaving device is 50% (Zhao et al., 12 
2017). The advantages of the proposed system are that, compared with the original cases 13 
without caissons (i.e., the width of the device equals to CTB width perpendicular to the incident 14 
wave direction), the efficiency of the device is enhanced significantly even though the size of 15 
the device is narrow comparatively. The efficiency enhancement is due to the wave 16 
argumentation behavior of the CTB. 17 
4.1.2 Effect of the size of the device 18 
In this subsection, the effect of the draft and breadth (along the incident wave direction) 19 
of a heaving body is investigated. Fig. 7 and 8 present the results which may illustrate the effect 20 
of the draft and breadth of the heaving body, respectively. Overall, the modifications of the draft 21 
and breadth of the body slightly affect the trend of the CWR, Kr and Kt. Obviously, the draft 22 











































and the breadth of the heaving body affect the natural frequency of the heaving body and wave 1 
attenuation performance of the integrated system. The natural frequency shifts to the lower 2 
frequency region with the increasing draft and breadth. It was argued by Koutandos et al. (2005) 3 
that a better wave barrier performance can be realized for the system with a relatively large-4 
size WEC device. 5 
 6 
(a)                                    (b) 7 
 8 
(c) 9 
Fig. 7. Variations of (a) η, (b) Kr and (c) Kt versus kh for different cases of drafts (B/h=1/2, 10 
b2/h=1/3, b1/b3=1, w1/h=1/4 and l/h=1/2, d1/h is selected as 1/6, 1/4, 1/3, 5/12 and 1/2). 11 
 12 









































































(a)                                    (b) 1 
 2 
(c) 3 
Fig. 8. Variations of (a) η, (b) Kr and (c) Kt versus kh for different cases of breadths (b1/b3=1, 4 
d1/h=1/3, w1/h=1/4, B/h=1/2, and l/h=1/2, b2/B is selected as 1/3, 1/2, 2/3 and 5/6). 5 
To illustrate the impact of WEC device on the hydrodynamic performance of the CTB, the 6 
results (Kr, Kt, CWR and wave amplification factor which is defined as (-A)/A) corresponding 7 
to the cases with and without the WEC device are analyzed and results are shown in Fig. 8. 8 
From Fig. 9, it can be found that the existence of the WEC device significantly mitigates the 9 
transmission coefficient and reflection coefficient over the whole frequency region. Specifically, 10 
considering the conditions Kt<0.5 and >2the available frequency region is 2.25<kh<4.00 11 
for the draft of d1/h=1/6. 12 
 13 
(a)                               (b) 14 
Fig. 9. Variations of (a) reflection coefficient (Kr) and transmission coefficient (Kt) and (b) 15 
CWR () and wave amplification factor (ζ-A)/A with and without a heaving body. 16 









































Interestingly, a special phenomenon of total transmission phenomenon (corresponding to 1 
Kt=1.0) occurs at kh=2.65 for cases without the WEC device. The total incident wave energy 2 
transmitted to the lee side of the CTB, which is unfavorable to the breakwater. Meanwhile, the 3 
wave amplification factor exhibits a peak value at this frequency. Similar phenomena were also 4 
found in Fernyhough and Evans (1995), but the physical mechanism of zeros of the reflections 5 
is not reported. In the present study, the total transmission coefficient occurs when the breadth 6 
of the CTB along the incident wave direction is integral times of half-wavelength 2B≈nL/2 (17 
≤n≤int(/kl)). This condition may trigger the wave resonance in the x-direction along the 8 
incident wave direction, which leads the considerable wave amplification in the wave chamber 9 
(as is shown in Fig. 10). As was reported in Dalrymple and Martin (1990) and Mondal et al. 10 
(2017), the y-direction resonances perpendicular to the incident wave direction occur when the 11 
width 2l of the CTB is integral times of wavelength (kl=n, n=1, 2…). Therefore, if the CTB 12 
breadth B is greater than l/2, the y-direction resonance occurs right after the total transmission 13 
with the increasing dimensionless wavenumber. If the CTB breadth B is less than l/2, the total 14 
transmission phenomenon would vanish, and only y-direction resonance will occur. 15 
 16 
Fig. 10. The relative wave amplitude (/A) of the CTB for the total transmission 17 
The existence of the WEC device canceled the phenomenon of total transmission. It is 18 
worthy to note that the location of the peak value of the CWR is close to the location of the total 19 
transmission coefficient (i.e., the wave resonance in the x-direction). That means that in order 20 




condition of 2B≈nL/2 with the wave state at the deployment site. 1 
4.2 Parametric study of the comb-type breakwater 2 
4.2.1 Effect of the breadth of the CTB 3 
Firstly, the effect of the breadth of the CTB is considered in this subsection. Fig. 11 shows 4 
the variations of the CWR, Kr, Kt and the dimensionless wave exciting force Fz/4gAb2w2 for 5 
the cases of B/l=1, 5/3, 3 and 20/3. The other geometrical dimensions are w1/h=1/4, l/h=1/2, 6 
d1/h=1/3, b2/h=1/3 and b1/b3=1. The general trends of the CWR, Kr and Kt against kh are similar 7 
to that described in Section 4.1.2. As the breadth increases, stronger oscillations can be found 8 
for those curves. This may be due to the fact that more resonance frequencies can be triggered 9 
for the wave chamber with a larger breadth (see Fig. 11(b)). Specifically, there only one peak 10 
can be found for CTB with the smaller breadth (see Fig. 10), and four peaks are for CTB with 11 
a wave chamber of a large breadth (see Fig. 12(c)). 12 
 13 
(a)                               (b) 14 
 15 
(c)                               (d) 16 































































Fig. 11. Variations of (a) η, (b) Kr, (c) Kt and (d) Fz/4gAb2w2 versus kh for different cases of 1 
breadth of the CTB (w1/h=1/4, l/h=1/2, d1/h=1/3, b2/h=1/3 and b1/b3=1, B/l are selected as 1, 2 
5/3, 3 and 20/3). 3 
To study further the heave oscillations, we investigated /A in the wave chamber of the 4 
CTB without a heaving body. From the comparisons between Fig. 11(a) and (d) for the case of 5 
B/l=3, the first and second of the CWR correspond to the peak of the Fz. The added mass has a 6 
dramatic change accompany the occurrence of the peak value of the damping coefficient (as is 7 
shown in Fig. 12(a)). The former peak is also agreement with the peak of the /A (as is shown 8 
in Fig. 12(b)), which is corresponding to the x-direction wave resonance. And the more water 9 
resonances in the wave chamber occur for the latter peak (as is shown in Fig. 12(c)). The second 10 
peak of the CWR is attributed to the matching natural frequency (natural=(K/(M+))0.5) and the 11 
incident wave frequency (Cheng et al., 2014). In summary, the breadth of the CTB influences 12 
the wave energy conversion efficiency significantly, mainly caused by the water resonance in 13 
the wave chamber and the natural frequency of a heaving body. 14 
 15 
(a)                                (b) 16 


























Fig. 12. Variations of (a) the dimensionless added mass (/4b2w2d1) and damping coefficient 3 
(/4b2w2d1) and (b) the relative wave amplitude (/A) versus kh and (c) the relative wave 4 
amplitude (/A) of the CTB for the wave resonance for the case of B/l=3. 5 
4.2.2 Effect of the width of the CTB 6 
Results corresponding to different widths (l/h=1/2, 2/3, 5/6, 1 and 7/6) of the integrated 7 
system are shown in Fig. 13. The other geometrical parameters are kept constant for b2/h=1/3, 8 
w2/h=1/3, b1/b3=1, d1/h=1/3 and B/h=1/2. From Fig. 13, it can be found that the Kr, Kt and CWR 9 
experience dramatic changes in the high-frequency region. The trend of the CWR presents 10 
parabolic changes with the increasing kh and a spike can be found at a critical value kc. 11 
Correspondingly, the reflection coefficient and transmission coefficient exhibit a spike and a 12 
valley at the same locations (k=kc), respectively. For the frequency region of k>kc, the efficiency 13 
of the system is mitigated comparatively. Besides, locations corresponding to the spikes shift 14 
to the lower frequency region with increasing CTB width. 15 
 16 

































(a)                                    (b) 1 
 2 
(c) 3 
Fig. 13. Variations of the (a) η, (b) Kr and (c) Kt versus kh with different cases of widths 4 
(l/h=1/2, 2/3, 5/6, 1 and 7/6). 5 
The y-direction wave resonance (perpendicular to the incident wave direction) out of the 6 
wave chamber (see Fig. 13(c)) may be triggered by conditions of kl ≈ n, n=1, 2, … (Fernyhough 7 
and Evans, 1995). By checking this condition and the locations of the spike, we found that the 8 
critical value kc corresponds to the y-direction wave resonance out of the wave chamber. This 9 
may explain why the kc shifts to the low-frequency region with increasing CTB width.  10 
 11 
(a)                              (b) 12 
















































Fig. 14. Variations of (a) the dimensionless added mass (b2w2d1) and (b) the reflection 3 
coefficient (Kr) and transmission coefficient (Kt) with and without a heaving body versus kh 4 
and (c) the relative wave amplitude /A of the CTB for the y-direction wave resonance. 5 
As a result of the y-direction wave resonance, the added mass exhibits a dramatic change 6 
accompanying the occurrence of negative value at kh=2.65 (as is shown in Fig. 14(a)), which 7 
represents the resonance phenomenon (Faltinsen, 2006; Faltinsen et al., 2007). Comparing the 8 
results for cases with and without a heaving body (as is shown in Fig. 14(b)), the frequency 9 
corresponding to the y-direction resonance has little changes. The distribution of the /A out of 10 
the wave chamber is different from that for the total transmission significantly. Mathematically, 11 
in Eqs. (50) and (51), when 1>pl, the expression of the Kr and Kt consists of additional items. 12 
Those additional items lead to a spike value numerically. Therefore, the y-direction resonance 13 
is also called high-order resonance phenomenon (Wang et al., 2018). In summary, the high-14 
order resonance is not beneficial for the wave energy capturing, which should be avoided while 15 
designing such a system. 16 
5 Conclusions 17 
In this paper, hydrodynamic performance of a hybrid breakwater-WEC system combining 18 
a heaving body WEC and CTB is investigated theoretically. The influence of the geometrical 19 
dimensions of both a heaving body and CTB on the performance of the system is emphasized. 20 
The physical meaning of the CTB on the efficiency of the device is illustrated. The following 21 




1) The CWR can approach 77.4% when a heaving body is in the aft end of the wave 1 
chamber. Correspondingly, the transmission coefficient is kept as Kt<0.5. Both of the qualified 2 
wave attenuation and the excellent wave energy capturing performance can be achieved 3 
simultaneously for the present system. 4 
2) Wave resonances both in and out of the wave chamber affect the performance of the 5 
WEC significantly. The x-direction resonance in the wave chamber (2B≈nL/2) amplified the 6 
efficiency of WEC due to wave amplification behavior. However, the frequency corresponding 7 
to y-direction wave resonance out of the wave chamber (kl ≈ n) act as a critical value, beyond 8 
which the efficiency is mitigated comparatively. 9 
3) Comparing with that of the isolated buoy, the natural frequency of the heaving buoy is 10 
modified when it is located at the wave chamber of CTB. The peak efficiency is found to be 11 
corresponding to the natural frequency, which is similar to that of the isolated buoy. 12 
The results from the analytical study allow to predict both, the wave attenuation and the 13 
wave energy conversion. Thus, the CTB-WEC system can be applicated in the coastal area 14 
which is in need of the breakwater function and wave energy utilization. The wave focusing 15 
effect due to the wave resonance is beneficial to improve the wave energy conversion efficiency 16 
of the WEC, and hence the CTB-WEC provides a benefit in areas with lower wave energy flux 17 
density, increasing capturing effectively. 18 
The final PTO efficiency depends on the specific PTO system, the connection style and 19 
the sea state. Future large-scale laboratory studies and sea-trail are necessary to establish the 20 
achievable efficiency and the practical integration needs, respectively. 21 
In this study no flange is considered at the CTB, a future study will assess the effect of the 22 
presence of a flange. Meanwhile, the performance of the system in oblique waves and multi-23 
directional waves will be further investigated. 24 
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The number of the terms in series (i.e., m and n) are selected as M and N. The equations of 2 
unknown coefficients are as follows 3 
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Considering the condition that 1+NI≤i≤N(I+1) and 1+NJ≤j≤N(J+1), where I and J=0, 1, 12 
2, ꞏꞏꞏ , M-1, i and j represent the number of rows and columns in the matrix  8 8MN MN , the 13 
expression of the component in the  8 8MN MN , 8 1MNX     and 8 1MNX    are as follow 14 
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